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Abstract 
This paper presents a novel predictive sliding mode control for hypersonic vehicle by means of feedback linearization. First, the 
six degree-of-freedom rotational model of the hypersonic vehicle in three channels is presented and decoupled using feedback 
linearization control to facilitate the design of control system. Then, the sliding mode surface chosen as a combination of the 
tracking error and its higher order derivatives is predicted and incorporated into the quadratic performance index of the predictive 
control. The predictive sliding control law with an explicitly analytical form could be derived by minimizing the performance 
index which attenuates the undesirable chattering phenomenon due to the switching of sliding mode control law and avoids the 
large online computational issue of the predictive control. The stability of the designed control system could be demonstrated via 
Lyapunov stability theorem. Finally, simulation results demonstrate the effectiveness and robustness of the proposed attitude 
control scheme. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Chinese Society of Aeronautics and Astronautics (CSAA).  
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1. Introduction 
There has been a spurt of interest in recent years in the area of near space, in which hypersonic vehicle has many 
outstanding advantages of large flight envelope, high maneuverability and fast response ability over the ordinary 
aerocraft. Flight control system design plays a key role in the development of hypersonic vehicle, however, fast 
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time-varying, strong coupling, dynamic nonlinearity and model uncertainties of the model of the hypersonic vehicle 
contribute to the difficulty in the design of control system. The sliding mode control is one of the most promising 
approaches in control engineering, which has been widely applied to the flight control system design [1,2]. 
Motivated by [3,4], this paper proposes a novel predictive sliding mode control which incorporates the sliding mode 
surface into the quadratic performance index of the predictive control. Then the predictive sliding mode control law 
which has an explicitly analytical form is derived by minimizing the performance index. By using of this method, 
the undesirable chattering phenomenon is attenuated and the large online computational issue of the predictive 
control is avoided. The predictive sliding mode control takes merits of strong robustness of sliding model control 
and outstanding optimization performance of predictive control. 
2. Hypersonic Vehicle Flight Control Model  
Suppose that the fuel slosh is not considered and the products of inertia are negligible. Based on the hypothesis of 
an inverse-square-law gravitational model, the centripetal acceleration for the non-rotating Earth, the mathematical 
model of hypersonic vehicle during the cruise phase can be described as 
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where , , VD E J are the angle of attack, sideslip angle, and bank angle, respectively; , ,M \ J are the pitch, yaw and 
rolling angles, respectively; , ,v T V  are the flight velocity, flight path angle, and trajectory angle, respectively; 
, ,x y zZ Z Z are pitch, yaw and roll rates, respectively; , ,x y z are the three position coordinates in the ground 
coordinate frame; ,eR r are radial distance from the Earth’s center and the mean radius of the spherical Earth, 
respectively; , ,x y zM M M are control moments including roll, yaw, and pitch control moments; , ,L N T are the lift, 
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side and thrust forces, respectively; , ,x y zJ J J are the main moments of inertia of the three axes; respectively. 
In order to achieve robustness of the attitude control system, parametric uncertainties are considered as follows 0:  
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where xnm , ynm , znm  are nominal aerodynamic moment coefficients, nU  is the nominal value of atmosphere 
density and xnJ , ynJ , znJ  are the moments of inertia. Since every parametric uncertainty has positive maximum and 
negative minimum, 32 groups of combinations of parametric uncertainties are considered in this paper. 
Wind is considered as external disturbance in control system design, involving the east-west wind wewv  and the 
south-north wind wsnv  which are assumed to have the same model. The wind field can be modeled as a function of 
altitude as follows 0: 
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3. Input/Output Linearization  of Attitude Model 
Differentiating the pitch angleM , yaw angle \ , rolling angle J  repeatedly until the control inputs appeared as 
follows: 
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Since the control moments , ,x y zM M M  appear in , ,x y zZ Z Z , the relative degree of the pitch angleM , yaw angle \ , 
rolling angle J  are all 2. The relative degree of the nonlinear system is 6, which equals to the order of the system. 
According to the linearization feedback theorem, the attitude model (2) can be completely linearized and decoupled. 
Substituting ω  in (2) into (7), then we can obtain the linearization form of attitude model (2) as follows 
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  Furthermore, (8) can be written as  
     y α x β x u  (10) 
where 
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4. Predictive Sliding Mode Control 
Consider a class of MIMO affine nonlinear system as follows: 
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where  nx R  is the state vector of the nonlinear system; mu R is the control input vector; my R is the output 
vector of the nonlinear system;   nf x R  and   n mug x R are the given function vector and control gain matrix, respectively. 
Since the vector relative of attitude control system is [2 2 2], then the sliding surface can be selected as 
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where c e y y is the attitude tracking error for hypersonic vehicle attitude model, cy  is attitude commands 
T[ ]c c cM \ J  transformed from the input attitude commands T[ ]cc c VD E J , K  is the parameter matrix which makes the 
polynomial (14) Hurwitz stable. Define z  as 
 K z e  (15) 
 Consequently, differentiating the sliding surface vector, we obtain 
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where T[ ]c c cM \ J cρY . 
Within the moving time frame, the sliding surface  ˆ t Ts  at the time T is approximately predicted by  
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For the derivation of the control law, the receding-horizon performance index at the time T is given by 
      T1 ˆ ˆ, ,
2
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The necessary condition for the optimal control to minimize (18) with respect to u  is given by 
 0Jw  wu  (19) 
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According to (19), substitute (17) into (18), then the predictive sliding mode control law for hypersonic vehicle 
can be proposed as 
 1 1( ) ( ( ) ( ( ) ))cT x t T x     u β s α y z  (20) 
Consider the Lyapunov function candidate 
 T1=
2
V s s   (21) 
Differentiating (21) yields 
 T=V s s   (22) 
Substituting (10), (16), and (20) into (22), we have  
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    Thus the designed control law (20)  can guarantee the stability of the system. 
5. Simulation Results Analysis 
To validate the designed attitude control system, simulation studies are conducted to track the guidance 
commands T[ ]
cc c V
D E J , referring the model 0. Assume that the hypersonic vehicle flight lies in the cruise phase 
with the flight altitude 33.5km and the flight mach number 15. The initial attitude and attitude angular velocity 
conditions are arbitrarily chosen as 0 0 0 0D E J    and 0 0 0 0x y zZ Z Z   ; the initial flight path angle and 
trajectory angle are 0 0 0T V  ; the guidance commands are chosen as cD  10e , cE   0eand cVJ  20e , 
respectively. The simulation results are shown in Fig. 1. 
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Fig. 1.Attitude control performance in the presence of parametric uncertainties and external disturbance. (a) Angle of attack; (b) sideslip angle; (c) 
bank angle; (d) pitch deflection; (e) yaw deflection; (f) rolling deflection. 
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In Fig. 1. the solid line and the dashed line represent the response results of the nominal condition and the 
condition in the presence of parametric uncertainties and external disturbances, respectively. It can be observed that 
all of the desired commands can be tracked quickly and precisely in spite of the parametric uncertainties and 
external disturbances. In addition, the control inputs are in the reasonable scope without chattering phenomenon. It 
can be concluded from the above-mentioned simulation analysis that the proposed predictive sliding mode control 
scheme is valid and poses outstanding robustness. 
6. Conclusions 
An effective control scheme based on predictive sliding mode control is proposed for hypersonic vehicle with 
high coupling, serious nonlinearity, strong uncertainty, external disturbances. Predictive sliding mode control takes 
merits of the strong robustness of sliding model control and the outstanding optimization performance of predictive 
control, which seems to be a very promising candidate for hypersonic vehicle control system design. Simulation 
results show that predictive sliding mode control assure the control performance of hypersonic vehicle attitude 
control system in the presence of parametric uncertainties and external disturbances. 
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